P rotein C is a vitamin K-dependent glycoprotein produced by the liver that circulates in plasma as a zymogen. Once activated by the thrombin-thrombomodulin complex, protein C is a multifunctional molecule with anticoagulant, anti-inflammatory, antiapoptotic, and cytoprotective properties. Activated protein C inactivates factor V a and factor VIII a , thereby reducing the generation of thrombin. Individuals with protein C deficiency, characterized by protein C antigen or activity levels in the lowest 1% to 2% of the distribution, have been found to have 3-to 7-fold higher rates of venous thromboembolism (VTE) compared with individuals in the normal range of protein C, 1,2 and 2% to 3% of VTE cases in the population may be attributable to protein C deficiency.
P rotein C is a vitamin K-dependent glycoprotein produced by the liver that circulates in plasma as a zymogen. Once activated by the thrombin-thrombomodulin complex, protein C is a multifunctional molecule with anticoagulant, anti-inflammatory, antiapoptotic, and cytoprotective properties. Activated protein C inactivates factor V a and factor VIII a , thereby reducing the generation of thrombin. Individuals with protein C deficiency, characterized by protein C antigen or activity levels in the lowest 1% to 2% of the distribution, have been found to have 3-to 7-fold higher rates of venous thromboembolism (VTE) compared with individuals in the normal range of protein C, 1,2 and 2% to 3% of VTE cases in the population may be attributable to protein C deficiency. 2 Low protein C levels are also associated with higher risk of ischemic stroke 3 and presence of cerebral infarctions detected by magnetic resonance imaging. 4 Twin and family studies have provided heritability estimates of 40% to 60% for blood levels of protein C, 5 and autosomal dominant mutations in the protein C structural gene (PROC) are a known cause of protein C deficiency in some families, 6 suggesting important genetic contributions to this trait. Recent genome-wide association analyses in the ARIC study (Atherosclerosis Risk in Communities) identified 504 single-nucleotide polymorphisms (SNPs) associated with protein C levels in whites 7 and 79 SNPs associated with protein C levels in blacks. 8 In whites, associations with common variants (minor allele frequency >0.05) were found in 4 genomic regions located near PROCR (protein C receptor), PROC, GCKR, and BAZ1B, with a possible second independent association found at EDEM2, located close to PROCR. In blacks, genome-wide significant associations were found at PROCR and PROC but not at GCKR or BAZ1B. 8 Genome-wide association studies (GWAS) in French 5 and Spanish 9 populations have also identified significant associations in the PROCR region. Taken together, these previously discovered variants account for 14% to 15% of the variability in protein C antigen level. 7 Of the 8 susceptibility genes found in the largest meta-analysis of VTE GWAS conducted to date, 2 loci (F5 and PROCR) were also significantly associated with protein C level, 10 suggesting that protein C is a useful intermediate phenotype to identify genetic determinants of VTE. Previous GWAS of protein C level used commercial genotyping arrays designed to capture common genetic variation, but targeted sequencing of PROC and other genes involved in coagulation has revealed a spectrum of variation from rare to common. 11 To obtain denser coverage at some loci, extend investigation of protein C to low-frequency and rare variants, and search for second independent associations in genes known to influence protein C, we tested >26 million variants available after imputation to the 1000 Genomes Project (1000G) reference panel along with additional variants directly genotyped using the Illumina ITMAT-Broad-CARe (IBC) array 12 and Illumina Human Exome BeadChip.
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Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
Available sample sizes with phenotypic and genotypic data were 10 778 whites and 3190 blacks for the exome array, 9733 whites and 2803 blacks for the IBC array, and 8911 whites and 2706 blacks for the GWAS array. The overlap of participants across the 3 genotyping platforms is summarized in Figure I in the online-only Data Supplement. Characteristics of participants available for exome array, the largest sample size of the 3 platforms, are shown in Table 1 . The average age at the time of blood collection was 54 years, and mean protein C levels were similar in whites and blacks. Table 2 summarizes top SNP associations with protein C level identified by IBC, exome array, and 1000G GWAS analyses. In whites, all 4 of the most strongly associated regions (2p23/GCKR, 2q13-q14/PROC, 7p13/BAZ1B, and 20q11/PROCR) were the same as those previously identified by previous GWAS analyses in ARIC using the Affymetrix 6.0 array with imputation to a HapMap reference panel. 7 In the 2p23 region, the top SNP identified with the IBC array (P=7.8×10 −21 ), exome array (P=7.7×10 −24 ), and 1000G GWAS (P=1.2×10 −16 ) was a nonsynonymous variant (rs1260326; P446L) in GCKR. No other SNPs in this region were genome-wide significant after conditioning on rs1260326. In the 2q13-q14 region, the top SNP identified with the exome array (P=1.4×10 −50 ) was an intronic variant (rs1158867) in PROC. In analysis of the IBC array and GWAS data, another SNP (rs1799810) in tight linkage disequilibrium with rs1158867 (r 2 =1) had the most extreme P value for association with protein C level. After conditioning on rs1158867 or rs1799810, no other SNPs in this region exceeded the genome-wide significance threshold. In the 7p13 region, the top SNP on the exome array is located in an intron of BAZ1B (rs1178979; P=2.3×10 −8 ); the top SNP in the 1000G GWAS was an intergenic variant near FZD9 (rs42238; P=4.8×10 −9 ). These variants are in moderate-to-high linkage disequilibrium (r 2 =0.7), and the conditional analyses in the 1000G GWAS data set indicate that they represent the same signal. This region was not captured on the IBC array. No other SNPs in this region reached the genome-wide significance threshold after conditioning on rs1178979 or rs42238. In the 20q11 region, the top SNP identified with both the exome array (P=3.5×10 −287 ) and IBC array (P=1.9×10 −249 ) was a nonsynonymous variant (rs867186) in PROCR; a noncoding SNP (rs11907011) downstream of PROCR had the most extreme P value in the 1000G GWAS (P=1.4×10 −237 ) and was in tight linkage disequilibrium with rs867186 (r 2 =1). After conditioning on rs867186, additional SNPs in the region were genome-wide significant. These included an intronic variant in EDEM2 on the exome array (rs6120849; conditional P=7.3×10 −21 ), an intergenic variant between EDEM2 and PROCR on the IBC array (rs6060278; conditional P=1.7×10 −19 ) , and an intronic variant in EDEM2 in the 1000G GWAS (rs6120848; conditional P=5.3×10 −17 ; Table 3 ). Pairwise linkage disequilibrium estimates are high (r 2 >0.9) between these 3 SNPs identified in conditional analysis, suggesting that they were capturing the same second independent association. After adjusting for these additional SNPs, no other SNPs in the 20q11 region met the genome-wide significance threshold. In blacks, SNPs in 3 regions reached the significance threshold ( Table 2) . Two of these regions (2q13-q14/PROC and 20q11/PROCR) were the same as those identified by the previous GWAS of protein C with HapMap imputation in the ARIC study. 8 In the 2q13-q14 region, the top SNP on the IBC array was in the 3′UTR (untranslated region) of MAP3K2 (rs423353; P=7.2×10 −11 ), whereas a low-frequency variant in CYP27C1 (rs140608390) had the most significant association in the 1000G GWAS (P=6.7×10 −24 ). In the 20q11 region, the top SNP (rs867186) in the IBC array, exome array, and 1000G GWAS was the same as the top SNP in whites. In blacks, no other genome-wide significant SNPs were found in the 2q13-q14 or 20q11 regions after conditioning on the top SNPs in each region. In the 1000G GWAS, a potentially novel association was found with rs148639156 (P=4.8×10 −9 ), a lowfrequency variant (minor allele frequency=0.02) near SAYSD1 β is the difference in protein C level (µg/mL) per copy of the coded allele. The top genome-wide significant SNP in each region is shown in bold for each genotyping source. A1 indicates coded allele; A2, noncoded allele; GWAS, genome-wide association study; IBC, ITMAT-Broad-CARe; MAF, minor allele frequency; N, sample size; and SNP, single-nucleotide polymorphism. β is the difference in protein C level (µg/mL) per coded allele. A1 indicates coded allele; A2, noncoded allele; GWAS, genome-wide association study; IBC, ITMATBroad-CARe; MAF, minor allele frequency; and N, sample size.
*Conditioning on rs867186.
(SAYSVFN motif domain containing 1). This SNP was not available in whites, and so results could not be corroborated.
A total of 11 genes in whites and 2 genes in blacks reached genome-wide significance (P<2.5×10 −6 ) in at least one of the gene-based tests (SKAT [sequence kernel association test], T1, or T5 burden tests) used to analyze rare and low-frequency nonsynonymous variants on the exome array (Table I in the online-only Data Supplement). The 2 genes (CPNE1 and C20orf152) that were significant in both SKAT and T5 burden tests were <800 kb from PROCR on chromosome 20. We repeated the gene-based tests after conditioning on top SNP associations for protein C (rs1260326 [GCKR], rs1158867 ), which results in a substitution of proline for serine.
Several common variants located at CELSR2-PSRC1-SORT1 in the 1q13 region showed consistent associations with protein C level in both whites and blacks, although they did not reach the threshold for genome-wide significance in either group. Regional association plots are provided in Figure 1 (whites) and Figure 2 (blacks). The variant demonstrating the strongest association in this region was rs12740374, located in the 3′UTR of CELSR2 (Table 2) . Using data from the exome array, the minor allele (T) of rs12740374 was associated with a 0.05 µg/mL lower protein C level in whites (P=2.2×10 −7 ) and 0.06 µg/mL lower level in blacks (P=4.5×10 −4 ), and this variant reached genome-wide significance in a meta-analysis combining results from both groups (P=1.4×10 −9 ), with no significant heterogeneity by race/ethnicity (P=0.72). Interestingly, rs12740374 was one of the variants most strongly associated with plasma low-density lipoprotein cholesterol (LDL-C) levels in the GWAS metaanalysis conducted by the Global Lipids Consortium. 14 In the ARIC study, the T allele of rs12740374 was associated with an average reduction of LDL-C of 0.18 mmol/L (P=7.2×10 (CELSR2-PSRC1-SORT1), rs1260326 (GCKR), rs1158867 (PROC), rs1178979 (BAZ1B), and rs867186 (PROCR) explain 14.1% of the variance in whites and 9.2% in blacks.
Protein C and LDL-C levels were modestly correlated in ARIC (r 2 =0.23). To further explore possible inter-relationships between protein C and LDL-C levels, we fit a series of linear regression models, first with protein C as the dependent variable and rs12740374 and LDL-C as predictors and then with LDL-C as the dependent variable and rs12740374 and protein C as predictors. When protein C was modeled as the dependent variable (Table 4) , the regression coefficient per copy of the T allele at rs12740374 was attenuated by 46% (from −0.0507 to −0.0272 µg/mL) when LDL-C was added as a covariate to age-and sex-adjusted models in whites. By contrast, when LDL-C was modeled as the dependent variable (Table 5) , the regression coefficient for rs12740374 was attenuated by only 10% (from −0.188 to −0.169 mmol/L) when protein C was added to the model. Nearly identical patterns of attenuation were observed in blacks (Tables 4 and 5) .
To determine whether other lipid-related genes might demonstrate similar associations with protein C levels, we extracted genotype data for 185 SNPs associated with LDL-C, high-density lipoprotein cholesterol (HDL-C), or triglycerides in a large GWAS meta-analysis conducted by the Global Lipids Genetics Consortium. 14 As shown in Figure  II in the online-only Data Supplement, 37 genetic variants were associated with 2 lipid fractions in the Global Lipids Genetics Consortium, and 8 variants were associated with all 3 lipid fractions. In ARIC study, 12 of 82 LDL-related SNPs, 11 of 96 HDL-related SNPs, and 10 of 60 triglyceride-related SNPs demonstrated at least nominal significance (P<0.05) in association with protein C level in whites. Among β is the linear regression estimate indicating difference in protein C level (µg/dL) per a 1-unit increase in each predictor. LDL-C indicates low-density lipoprotein cholesterol.
*All models also adjusted for age and sex. β is the linear regression estimate indicating difference in LDL-C level (mmol/L) for a 1-unit increase in each predictor. LDL-C indicates low-density lipoprotein cholesterol.
*All models also adjusted for age and sex.
LDL-related SNPs, the largest effect sizes were observed for rs1270374 along with HFE (rs1800562; −0.056 µg/mL per A allele; P=0.003) and NPC1L1 (rs2072183; +0.033 µg/mL per G allele; P=0.005). Because individuals homozygous for the minor allele of HFE rs1800562 (C282Y homozygotes) account for the majority of cases of hereditary hemochromatosis in populations of European ancestry, we further characterized associations by genotype: mean protein C was 2.98, 3.13, and 3.17 µg/mL and mean LDL-C was 3.18, 3.52, and 3.55 mmol/L, respectively, among individuals with AA, GA, and GG genotypes for rs1800562, indicating that both protein C and LDL-C levels were lower in C282Y homozygotes compared with the other 2 genotypes. We summarize Mendelian randomization (MR) analyses to estimate possible effects of lipid fractions on protein C levels in Table 6 . Weighted genetic risk scores explained 8% of the variance in LDL-C (n=82 SNPs), 5% of the variance in HDL-C (n=96 SNPs), and 5% of the variance in triglycerides (n=60 SNPs). Weighted genetic risk scores for LDL-C, HDL-C, and triglycerides were each positively and statistically significantly associated with protein C level. The magnitude of association was largest for triglycerides, with an estimated increase in protein C of 0.15 µg/mL (95% confidence interval, 0.10-0.21) for every 1-SD increment in triglyceride level (0.73 mmol/L). Inverse-variance weighted meta-analyses of the genetic instrumental variables indicated associations between LDL-C and protein C (P<0.001) and between triglycerides and protein C (P<0.001) but not between HDL-C and protein C (P=0.12). Sensitivity analyses were conducted using MR-Egger and MR-weighted median approaches. For LDL-C, the intercept term from MR-Egger regression was statistically significant (P=0.03), suggesting that some LDL-related *Weights obtained from effect sizes in Table I in the online-only Data Supplement of Do et al. β is the estimated difference in the outcome (lipid fraction) for each µg/mL increment in the exposure (protein C level). CI indicates confidence interval; HDL-C, highdensity lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MR, Mendelian randomization; and SNP, single-nucleotide polymorphism. genetic instruments affect protein C level through biological pathways not involving LDL-C (ie, horizontal pleiotropy). The regression coefficient for LDL-C obtained from Egger regression was attenuated compared with the IVW (inverse variance weighted) estimate and not statistically significant (β=0.07; 95% confidence interval, −0.02 to 0.16; P=0.15). For triglycerides, the intercept term estimated by MR-Egger regression was not statistically significant (P=0.29), suggesting little evidence of directional pleiotropy. Results of Egger and weighted median approaches generally corroborated the results of IVW analyses and suggest that higher triglyceride levels increase circulating protein C.
We summarize MR analyses to estimate possible effects of protein C on lipid fractions in Table 7 . Taken together, the 4 SNPs selected as genetic instruments explained 14% of the variance in protein C level. None of the MR results was statistically significant (P>0.05), and there was little support for the hypothesis that circulating protein C influences LDL-C, HDL-C, or triglyceride levels.
To test whether the variant rs12740374 at the CELSR2-PSRC1-SORT1 locus is also associated with risk of VTE, we conducted an analysis of 9185 whites in ARIC study, among whom there were 248 events of VTE identified over an average follow-up of 16 years. 15 The T allele of rs12740374, which was associated with lower mean protein C level, was not significantly associated with incident VTE (hazard ratio: 1.19; 95% confidence interval: 0.97-1.46).
Discussion
To obtain denser coverage at some loci, extend investigation to low-frequency and rare variants, and search for second independent associations in genes previously reported to influence protein C, we evaluated associations with SNPs genotyped with 3 different candidate gene or genome-wide arrays. Associations with common variants were confirmed in or near GCKR, PROC, BAZ1B, and PROCR-EDEM2 in whites and PROC and PROCR-EDEM2 in blacks, but no new independent associations with common, low-frequency, or rare variants were detected in these regions. The primary novel finding was the discovery of an association of protein C with common variants in the CELSR2-PSRC1-SORT1 region on chromosome 1, with the strongest signal at rs12740374, an important functional variant known to influence LDL-C. The magnitude of association with protein C was consistent in whites and blacks and reached genomewide significance in a meta-analysis combining both groups. The result suggests that variability at this locus influences both LDL-C and protein C levels; furthermore, these apparent effects on protein C may extend to other loci involved in lipid metabolism. MR analyses indicated that triglycerides, and possibly LDL-C, influence protein C levels.
Protein C is a multifunctional molecule with anticoagulant, anti-inflammatory, antiapoptotic, and cytoprotective properties. Protein C deficiency is an established predictor of VTE. 1, 2 At least 2 susceptibility genes for VTE (F5 and PROCR) are also significantly associated with protein C level, 10 highlighting the importance of protein C as an intermediate phenotype that can provide insights into the genetic architecture of VTE.
Previous studies have reported that a common haplotype including rs12740374 in the CELSR2-PSRC1-SORT1 region of chromosome 1p13.3 is associated with multiple cardiovascular phenotypes, including LDL-C, 16 coronary heart disease events, 17, 18 subclinical atherosclerosis, 19 and abdominal aortic aneurysm. 20 Our results suggest that the phenotypic effects of this locus also extend to protein C levels. In vitro and mouse experiments found that the SNP alters a binding site for C/EBP (CCAAT-enhancer-binding protein) transcription factors and provided considerable evidence that rs12740374 is a causal variant associated with SORT1 expression in hepatocytes, LDL-C levels, and CHD events. 21 Our results indicate that the minor allele at rs12740374, which falls in the 3′UTR of CELSR2, is associated with lower levels of both protein C and LDL-C. Cross-sectional epidemiological studies had previously reported modest positive correlations of LDL-C with protein C, as well as with other anticoagulant proteins such as antithrombin, protein S, and tissue factor pathway inhibitor, but the mechanism responsible for these associations is unclear. 22, 23 Both randomized trials 24 and observational studies 25 have found that individuals on statin therapy are at lower risk of VTE, but it is unclear whether this apparent benefit of statins can be attributed to their LDLlowering effects or to their effects on inflammation, coagulation, and fibrinolysis pathways. The association of variants in the CELSR2-PSRC1-SORT1 region with both protein C and LDL-C in our study provides a further evidence of a biological link between these 2 phenotypes, supported by several observations: (1) associations of rs12740374 with protein C and LDL-C were remarkably similar in magnitude between whites and blacks; (2) rs12740374 has already been established as a likely causal variant for LDL-C based on extensive functional experiments, likely mediated by expression of sortilin, the gene product of SORT1 that serves as a multiligand receptor with diverse cellular functions 21 ; (3) even excluding rs12740374, 21% of LDL-related gene variants identified in published GWAS also showed nominal (P<0.05) associations with protein C level; and (4) the direction of the estimated protein C effect was positively correlated with the direction of estimated LDL-C effect across established 82 LDL-related loci. Furthermore, our results are more consistent with LDL-C being an upstream determinant of protein C level than protein C being a determinant of LDL-C. First, adjustment for LDL-C substantially attenuated the association between rs12740374 and protein C, suggesting that LDL-C could be a mediator of the association; by contrast, adjustment for protein C resulted in little attenuation of the association between rs12740374 and LDL-C. Second, although SNPs in several known LDLinfluencing genes such as HFE and NPC1L1 were also nominally associated with protein C in our data, SNPs in known protein C-influencing genes (ie, GCKR, PROC, BAZ1B, and PROCR-EDEM2) were not associated with LDL-C.
Motivated by the discovery of variants at the CELSR2-PSRC1-SORT1 locus associated with protein C, we explored other lipid-related genes, including those influencing HDL-C or triglyceride levels. A previous investigation in the ARIC study found LDL-C, HDL-C, and triglycerides were all positively and independently associated with protein C in a multivariate model that adjusted for demographic, lifestyle, and biochemical factors. 23 Of the 3 lipid fractions, triglycerides demonstrated the largest effect size for association with protein C. Furthermore, LDL-C and triglycerides, but not HDL-C, were significantly associated with protein C deficiency, defined as ≥2 SDs below the mean level of protein C. 23 Other population-based studies have reported similar patterns of association between triglycerides and protein C. 26, 27 Our MR analyses using lipid-related genetic instruments provided some support for a causal effect of triglycerides and LDL-C on protein C but not of HDL-C on protein C. By contrast, bidirectional MR analyses did not support a causal effect of protein C on any of the lipid fractions. It is possible that triglycerides and LDL-C modulate the synthesis or degradation of protein C. 23 Further research is needed to elucidate possible mechanisms linking lipid metabolism and protein C.
Strengths of our study include a large population-based sample, standardized data collection and laboratory measurements at a central laboratory, and extensive genetic data obtained from 3 different genotyping platforms. Limitations include modest reproducibility for the protein C assay in participants measured several times over several weeks, measurements of protein C and LDL-C in samples collected at the same exam, making it difficult to establish temporal relationships between the 2 phenotypes, and lack of information on protein C activity, which may have different determinants than protein C antigen level. Findings were not replicated externally as almost no other population-based studies have measured protein C, yet results could be internally corroborated across the 2 racial/ethnic subgroups represented in the study.
In conclusion, comprehensive genomic analysis of protein C in the ARIC study led to discovery of a novel association with variants in the CELSR2-PSRC1-SORT1 region on chromosome 1, with the strongest signal at rs12740374, an important functional SNP known to influence LDL-C. MR analyses indicated that triglycerides, and possibly LDL-C, influence protein C levels. These findings need to be replicated in other populations. Some clinical trials and observational studies of statins have found a reduction in VTE risk, suggesting that lipid lowering may have effects on coagulation or anticoagulation, including enhanced thrombomodulin expression resulting in increased protein C activation and factor Va inactivation. 28 Studies of protein C in individuals with more severe lipid disorders such as familial hypercholesterolemia or among patients initiating lipid-lowering therapies may provide additional insights into possible biological links between protein C and cholesterol metabolism.
